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INTRODUCTION 


The  tailless  delta  configuration  continues  to  be  of  interest  for 
supersonic  tactical  aircraft  designs,  mainly  in  view  of  its  low  wave  drag 
characteristics.  This  configuration  however  is  also  known  to  have  poor 
short-field  landing  performance,  due  to  inadequate  longitudinal  trim  power 
which  precludes  the  use  of  trailing  edge  flaps  for  low-speed  lift 
augmentation.  In  addition,  the  need  to  share  trailing  edge  controls  between 
pitch  and  roll  functions  on  a  tailless  delta  restricts  longitudinal  control 
capability,  particularly  in  the  pitch-down  sense  for  assured  recovery  from 
high-alpha  maneuvers. 

There  is  considerable  interest  therefore  in  investigating  novel  control 
concepts  generally  to  improve  the  low-speed  longitudinal  controllability,  and 
in  particular  to  provide  adequate  trim  power  enabling  the  use  of  high-lift 
trailing  edge  flaps,  without  penalizing  the  inherent  high-speed  aerodynamic 
efficiency  of  the  tailless  delta  configuration.  A  deployable  'apex  fence' 
concept  proposed  to  meet  these  requirements  was  subjected  to  preliminary 
low-speed  wind  tunnel  investigations,  in  order  to  verify  the  underlying 
aerodynamics  and  quantify  the  longitudinal  control  potential  of  the  concept 
across  a  range  of  angles  of  attack  on  a  60-degree  delta. 

This  report  presents  a  description  of  the  'apex  fence'  concept  and  the 
main  results  of  flow  visualizations,  wing  upper-surface  pressure  surveys  and 
force/moment  measurements  performed  in  two  separate  wind  tunnel  test  programs. 
Also  Included  are  the  results  obtained  on  yet  another  concept,  called  the 
'cavity  flap,'  investigated  for  its  possible  application  for 
lateral/directional  control  at  high  angles  of  attack. 


Apex  rence  Concept 


The  lee-slde  flow  field  of  highly-swept  thin  delta  wings  is  well  known  to 


contain  a  powerful  vortex  pair,  whose  additional  suction  effect  on  the  wing 


upper  surface  contributes  substantial  lift  at  moderate  to  high  angles  of 


attack  until  the  occurrence  of  vortex  breakdown.  At  lower  angles  of  attack 


appropriate  to  landing  (say  a  <.  1U  degrees)  however,  the  vortex  system 


remains  relatively  weak  and  its  lift  potential  limited.  The  'apex  fences' 


comprise  a  pair  of  highly-swept  spoiler-like  surfaces  hinged  to  the  wing  upper 


surface  along  the  forward  part  of  the  leading  edges  (fig.  1).  When  raised 


perpendicularly  tnese  fences  experience  a  considerable  flow  incidence  in  the 


lateral  plane,  consequently  generating  a  powerful  counter-rotating  vortex  pair 


resembling  planar  wing  vortices  corresponding  to  a  much  higher  angle  of 


attack.  The  fence  vortices  create  a  high  level  of  suction  over  the  wing  apex 


region  resulting  in  a  nose-up  moment.  This  moment  can  be  utilized  to  balance 


the  nose-down  moment  associated  with  trailing  edge  llap  deflection,  thus 


augmenting  tne  trimmed  lilt  coefficient  of  the  configuration,  at  moderate 


angles  oi  attack.  Some  early  experiments  aimed  at  validating  tile  Hypothesized 


vortex  liow  eturacterisLics  of  the  apex  fences  are  documented  in  ret.  1. 


Cavity  Hap  Concept 


The  'cavity  llap'  may  be  described  as  a  lower-surface  hinged  vortex  flap, 


^Figures  and  tables  are  located  at  end  of  report, 


whose  deflection  opens  a  frontal  cavity  underneath  the  leading  edge  (fig.  2). 
The  flap-generated  vortex  is  maintained  near  the  mouth  of  the  cavity,  its 
induced  effect  assisting  the  external  flow  to  turn  around  the  wing  leading 
edge.  Consequently,  leading  edge  separation  is  curtailed  and  the  vortex  lift 
contribution  reduced.  At  the  same  time,  vortex  suction  on  the  cavity  frontal 
area  generates  a  side  force  component  due  to  the  leading-edge  sweep.  The 
vortex  lift  modulation  and  lateral  force  characteristics  might  be  utilized 
asymmetrically  for  roll  and  yaw  control  functions  on  a  delta  wing  at  high 
angles  of  attack  when  the  conventional  controls  tend  to  be  degraded. 


Outline  of  Investigation 

The  investigation  reported  herein  was  performed  in  two  phases:  1)  a 
preliminary  assessment  of  the  fence  vortex  characteristics  and  its  potential 
for  augmenting  the  upper-surface  suction  over  the  wing  apex  region,  and  2) 
force  and  moment  tests  to  evaluate  the  pitch  capability  and  trimmed-lift 
increment  due  to  apex  fences  on  a  generic  model.  The  wing  geometry  selected 
was  a  60-degree  swept  delta  with  sharp  leading  edges  and  symmetric 
double-diamond  airfoil  section. 

A  semi-span  model  was  employed  for  the  initial  experiments  to  facilitate 
rapid  testing  of  a  number  of  fences,  evaluating  certain  primary  variables 
viz.,  length,  height,  shape,  hinge-line  sweep,  hinge-line  distance  behind 
Leading  edge  and  fence  deflection  angle.  The  effect  of  these  variables  was 
observed  via  flow  visualizations  and  wing  upper-surface  pressure  surveys  over 
an  angle-of-at tack  range.  Limited  tests  were  also  performed  with  cavity  flaps 


on  this  model. 


Follow-up  tests  were  performed  with  a  complete  configuration  duplicating 
the  semi- span  model  geometry,  measuring  six-component  forces  and  moments.  The 
main  objective  of  this  phase  was  to  acquire  trimmed  lift  data  using  apex 
fences  in  conjunction  with  trailing  edge  flap  deflection.  The  angle-of-at tack 
range  was  extended  to  a  =  48  deg.  Limited  oil  flow  visualizations  were  also 
conducted.  The  force  model  tests  included  asymmetric  (i.e.  deployment  on  one 
side  only)  fence  and  cavity  flap  arrangements  to  evaluate  lateral-directional 
characteristics,  as  well  as  sideslip  tests  with  some  symmetric  fence 
configurations. 

The  available  documentation  on  the  results  of  this  investigation  is 
listed  in  references  2  through  6. 


MODELS  AND  TEST  DETAILS 

Pressure  Test 

Facility  and  Instruments;  The  test  was  conducted  in  the  North 
Carolina  State  University  Merrill  Subsonic  Wind  Tunnel.  Two  Scanivalve 
pressure  transducers  with  a  total  capacity  of  96  ports  were  utilized  to  read 
95  of  the  pressure  taps  provided  on  the  wing  upper  surface. 

A  Sage  Action,  Inc.  Model  3  Helium  Bubble  Generator  was  used  for  flow 
visualization.  A  Nikkon  F3  camera  with  a  50-mm  lens  and  polaroid  Poloapan  135 


film  were  employed,  the  latter  allowing  Instant  slides  to  be  produced  for 
making  the  "negative"  prints  presented  herein. 


Model : 
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The  pressure  model  was  a  generic  60-degree  semi-span  delta 
wing-body  configuration,  shaped  from  1U  ib/ft^  urethane  foam  and 
covered  with  two  layers  of  6-oz  fiberglass  cloth  impregnated  with  polyester 
resin.  A  double-diamond  symmetrical  airfoil  section  with  a  thickness  ratio  of 
5.7  percent  was  employed.  i'he  major  model  dimensions  are  shown  in  figure  a. 

A  total  of  1UU  pressure  taps  in  four  spanwise  rows  on  the  upper  surface 
were  provided  on  the  wing.  The  locations  of  y5  connected  taps  are  presented 
in  Table  i.  Tne  eighth  port  of  the  first  Scanivalve  was  bad  and  hence  was 
omitted  from  the  plots  herein. 

The  fences  and  cavity  flaps  were  cut  from  an  .040-inch-thick  aluminum 
sheet.  Fence  deflection  angle  (measured  from  the  wing  center  plane)  was 
degrees  unless  otherwise  stated.  The  six  fences  investigated  and  their  major 
dimensions  are  shown  in  figure  4.  The  different  fence  locations  on  the  wing 
are  shown  in  figure  5.  Cavity  flap  dimensions  and  mounting  location  are  shown 
in  figure  o.  The  complete  pressure  study  test  matrix  is  given  in  Table  il. 

The  angle  of  attacx  measured  relative  to  the  wing  chord  plane  ranged  from 
zero  to  j 0  degrees.  The  pressure  tests  and  helium  bubble  flow  visualization 
studies  were  conducted  at  mean  aerodynamic  chord  Reynolds  numbers  of  U.ob  and 
0.11  million,  respectively. 

Force  Test 

Facility  and  Instruments:  Tne  test  was  conducted  in  the  Air  Force 

Institute  ot  Technology  5-foot  Subsonic  Wind  Tunnel.  Forces  3nd  moments  were 
measured  using  a  six-component  strain  gauge  balance.  Hie  sting  used  had  two 
positions,  one  for  low-alpha  and  the  other  for  nigh-alpha  range. 


j 


Oil  flow  studies  were  conducted  utilizing  a  template  to  obtain  a 
reproducible  matrix  of  oil  dots  on  the  wing  surface.  The  model  was  painted 

black  and  the  oil  was  whitened  using  Titanium  Dioxide  (TIO^)  to  produce  a 
good  contrast  for  the  photographs. 

Model :  The  force  model  was  a  full-span,  bD-deg.  delta  wing-body 

configuration,  geometrically  similar  to  the  pressure  model,  fitted  with  a 
vertical  tail  (fig.  D.  T  ne  wing  and  body  were  machined  from  aluminum,  and 
the  forebody  was  wood. 

Tne  fences  and  cavity  flaps,  were  cut  from  . 04U-inch-thick  aluminum 
sheets.  Twelve  fences  were  tested,  their  major  dimensions  are  shown  in  figure 

8,  and  their  mounting  locations  in  figure  y.  The  five  cavity  flaps  are  shown 

in  figure  10,  and  their  corresponding  mounting  positions  are  shown  in  figure 

11.  Tables  111  and  IV  contain  the  complete  test  matrix  for  the  apex  fences 

and  cavity  flaps,  respectively. 

Angle  of  attack  was  measured  relative  to  the  win  centerpiane  and  ranged 
from  -b  deg.  to  30  deg.  and  from  20  deg.  to  4b  deg.  in  the  low  and  high  alpha 
sting  positions,  respectively.  Tne  test  Reynolds  number  was  1.11  million 
based  on  the  wing  mean  aerodynamic  chord. 

Additional  details  of  the  force  and  moment  investigations  and  results  are 
documented  in  references  b  and  6. 


RESULTS  AND  DISCUSSION 


Apex  Fences 

Flow  Vlsualizaclop :  Typical  helium-bubble  photographs  taken  at  a  ■ 

10  deg.  with  a  large  gothic  fence  deflected  to  73  deg.  are  presented  In  fig. 
12.  With  the  leading-edge  mounted  fence,  the  planar  wing  vortex  Is 
essentially  suppressed  and  the  lee-alde  flow  Is  dominated  by  the  fence  vortex. 
With  the  fence  hinge-line  swept  at  70  deg. ,  both  the  leading  edge  and  the 
fence  vortices  can  be  seen.  The  example  presented  shows  the  two  vortex  cores 
remaining  apart  up  to  the  trailing  edge,  with  no  apparent  tendency  of 
Interaction. 

The  effect  of  Increased  angle  of  attack  using  the  small  cropped-delta 
fence  for  illustration  is  shown  in  fig.  13.  At  a  *  10  deg.  the  leading  edge 
and  fence  vortices,  while  remaining  apart,  now  tend  to  approach  one  another 
with  increasing  downstream  distance,  and  the  fence  vortex  begins  to  show  signs 
of  breakdown.  At  a  *  20  deg.,  the  two  vortices  interact  strongly  and  merge, 
followed  by  a  pronounced  breakdown  of  the  merged  vortical  flow. 

Typical  upper-surface  oil  flow  patterns  obtained  on  the  force  model  with 
and  without  a  small  gothic  fence  at  a  ■  9.3  deg.  are  compared  in  fig.  14.  On 
the  basic  wing  the  leading  edge  vortex  footprint  is  clearly  seen;  whereas  in 
the  fence-on  case  the  fence  vortex  dominates  the  surface  flow  over  most  of  the 
wing  span,  with  a  sharply  reduced  leading  edge  vortex  starting  aft  of  the 
fence. 

Overall  the  flow  visualization  studies  supported  the  hypothesized  vortex 
generation  due  to  the  fence,  and  indicated  that  a  strong  and  stable  fence 
vortex  could  be  maintained  over  most  of  the  wing  upper  surface  at  low  and 
moderate  angles  of  attack.  A  pronounced  vortical  activity  was  evident  between 


the  fences,  decaying  with  Increasing  downstream  distance  on  the  wing. 


Ming  Upper  Surface  Pressures:  A  typical  set  of  spanwise  pressure 

distributions  showing  the  effect  of  gothic  fence  vortex  on  the  semi-span  wing 
upper-surface  flow,  representative  of  the  'low-alpha'  case  (a  *  5  deg.),  is 
presented  in  fig.  15.  The  stations  (A)  and  (B)  which  are  contained  within  the 
fence  length  show  a  pronounced  increase  of  the  suction  level.  At  the 
downstream  stations  (C)  and  (D),  the  fence  vortex  can  be  distinguished  by  a 
local  suction  peak;  and  although  some  modification  of  the  basic  wing  flow 
field  is  indicated,  there  appears  little  change  in  the  overall  suction  level. 
Essentially  similar  effects  are  noted  in  the  case  of  a  delta  fence,  shown  in 
fig.  16. 


At  higher  angles  of  attack,  represented  by  the  data  for  t  *  20  deg.  shown 
in  fig.  17,  the  fence  effect  over  the  wing  apex  region  is  opposite  of  the 
low-alpha  case,  i.e.  now  the  suction  levels  are  depressed.  Evidently  the  fence 
prevents  development  of  high  suction  peaks  from  the  leading  edge  vortices  as 
on  the  basic  wing.  The  average  suction  over  aft  stations,  however,  remains 
relatively  unchanged  as  in  the  case  of  low  alpha. 

A  measure  of  the  local  normal  force  increments  on  the  wing  due  to 
fence- Induced  vortex  suction  characteristics  can  be  obtained  by  integrating 
the  upper-surface  pressure  data.  The  resulting  C  is  plotted  versus 
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angle  of  attack  for  each  of  the  four  pressure  stations  in  fig.  18,  comparing 
several  fence-on  cases  with  the  basic  wing.  These  plots  conveniently 
summarize  the  typical  fence- induced  effects  over  the  length  of  the  delta  wing: 
relatively  large  normal  force  increments  occur  over  the  apex  region,  with 
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little  change  over  the  aft  sections. 


Additional  fence  cases  are  presented  in  fig.  19,  which  also  show  the 
typical  effect  of  deflecting  the  fence  to  90  deg.  or  less  fro*  the  plane  of 
the  wing.  The  apex-region  normal  force  increment  is  seen  to  be  effectively 

controlled  by  varying  the  fence  angle,  indicating  the  possibility  of 

generating  a  nose-down  moment  at  high  angles  of  attack  by  unloading  the  apex 
region . 

Lift  and  Pitching  Moments:  A  series  of  lift  and  pitching  moment 

characteristics  versus  angle  of  attack  is  presented  In  figs.  20  to  2i, 
comparing  different  fence-on  cases  with  the  basic  wing.  The  effect  of  varying 
fence  area  Is  shown  for  four  fence  shapes,  viz.,  gothic,  delta,  cropped  delta, 
and  double  gothic.  In  general,  the  fences  produce  a  lift  Increment  together 
with  a  nose-up  moment  Increment  relative  to  the  basic  wing  characteristics, 
Increasingly  with  Increasing  fence  area.  These  effects  are  consistent  with 
the  upper-surface  pressure  measurements  already  discussed.  It  is  worth  noting 
that  the  nose-up  moment  increments  remain  practically  constant  up  to  nearly  20 
degrees  angles  of  attack.  At  higher  alphas,  the  moment  Increments 

consistently  show  a  downtrend,  whose  extrapolation  would  lead  one  to  expect 

nose-down  moments  above  >  *»  H)  deg.  (.depending  on  the  fence  area  and  shape). 

The  effect  of  moving  the  fence  hinge  line  parallel  to  and  inboard  of  the 

leading  edge,  lor  the  cropped  fence,  Is  shown  In  fig.  24.  A  progressive 

reduction  In  pitching  moment  Increment  Is  Indicated  w 1 1  ti  increasing  hinge-line 
distance  <d)  from  the  leading  edge,  although  t  tie  ettect  on  lilt  curve  Is 

negligible.  A  small  distance  (In  relation  to  fence  height)  truin  the  leading, 


edge  seems  permissible  for  structural  reasons  without  seriously  degrading  the 
fence  effectiveness. 

Variation  in  the  fence  angle  from  a  nominal  90-deg.  position  indicates 
potential  for  pitching  moment  control,  as  shown  in  fig.  25  for  the 
double-gothic  fence.  A  relatively  large  and  smooth  change  in  the 
pitching-moment  increment  for  only  a  small  variation  in  fence  angle  on  either 

side  of  ...  *  90  deg.  is  obtained. 

ir.M.i. 

The  effect  of  trailing  edge  flap  deflection  on  the  basic  model  is  shown 
in  fig.  2b.  The  resulting  nose-down  moments  can  be  seen  to  be  of  the  same 
order  as  the  nose-up  moments  due  to  apex  fences  on  this  configuration.  Thus, 
simultaneous  fence  deployment  and  trailing  edge  flap  deflection  will  provide 
substantial  trimmed-llft  Increments,  over  a  broad  angle-of-at tack  range. 

All  fence  configurations  were  not  tested  in  conjunction  with  trailing 
edge  flaps.  Therefore,  using  the  lift  and  pitching  moment  Increments  produced 
by  t ral 1 ing-edge-f lap  deflection  on  the  planar  wing,  trimmed  lift  coefficients 
for  the  planar  wing  and  t ence-de p loyed  configurations  at  a  specified  angle  of 
attack  (  ■  *  12  deg.j  were  calculated  of  the  purpose  ot  comparing  the  various 

fence  configurations.  These  results  are  presented  as  a  bar  chart  in  fig.  27. 
The  first  bar  indicates  the  lift  coefficient  ot  basic  model  using  up-deflected 
trailing  edge  flaps  tor  trim.  Other  bars  Indicating  the  C  at  the 

4 

same  angle  ot  attack  obtained  by  the  use  ot  fences  are  grouped  according  to 
the  tenet -shape  family  and  In  the  order  ot  decreasing  fence  to  wing  area  ratio 
In  each  group.  1  he  general  effect  ot  redy  Ing  fence  area  Is  to  decrease 
,  regardless  of  the  fence  shape. 

In  an  it  tempi  to  separite  out  the  t em  e - shape  effect.  If  any,  from 


lo 


fence-area  effect  the  percentage  increment  of  C  (at  a  =  12  deg.)  has 

LT 

been  plotted  versus  fence  area  as  a  percentage  of  the  wing  area  in  fig.  28. 

This  plot  generally  shows  the  C  to  increase  in  proportion  to  the 

LT 

fence  area,  with  only  the  double-gothic  fence  having  a 
concave-tapered-trailing-edge  standing  out  as  the  'best'  shape.  Although  no 
conclusions  can  be  based  on  the  single  data  point  available  for  this  shape,  a 
detailed  investigation  of  this  fence  geometry  with  respect  to  its  area 
efficiency  seems  warranted. 

The  high  suction  level  observed  on  the  wing  apex  region  would  also  be 
expected  to  act  on  the  inside  of  the  fence  surfaces,  generating  a  sizeable 
drag  Increment.  The  L/D,^  characteristics  comparing  fence-on  and  fence-off 
cases  in  fig.  29  indicate  the  considerable  fence  drag  incurred.  Controlled 
drag  capability  is  desirable  as  a  means  of  reducing  the  touch-down  speed  of 
modern  fighters,  which  approach  and  land  with  a  relatively  high  engine  thrust 
setting.  The  drag  generated  by  apex  fences  can  be  readily  controlled  by 
varying  the  fence  deflection;  the  associated  flow  field  being 

vortex-stabilized  should  produce  a  low  buffet  level. 

it  was  observed  in  the  pressure  results  that  at  high  angles  of  attack  the 
fence  effect  on  the  wing  apex  was  opposite  to  the  low-alpha  case,  viz.,  a 
reduction  of  the  suction  level  compared  to  the  planar  case.  This  is  borne  out 
by  the  lift  and  pitching  moment  measurements  in  the  range  23  deg.  \  <  <  45 

deg.  shown  in  fig.  1U .  The  results  are  for  the  gothic  fences  and  typical  of 
all  the  fences  investigated,  indicating  Llie  potential  ot  fence  deployment  to 
accelerate  recovery  from  high-alpha  maneuvers. 


An  example  of  apex  fence  asymmetric  deployment,  i.e.,  with  only  tin*  left 


fence  on.  Is  presented  in  fig.  31.  The  asymmetric  fence  would  be  expected  to 
generate  useful  lateral/directional  control  moments.  The  side  force  on  the 
left  fence  produces  a  nose-right  yawing  moment  over  most  of  the 


angle-of-at tack  range.  However,  the  accompanying  rolling  moment  is  adverse, 
i.e.  left  wing  down  between  a  =  5  deg.  and  20  deg.  In  this  range,  an  inboard 
shift  of  the  center-of-lif t  on  left  wing  panel  appears  to  be  the  dominant 
effect  of  the  fence  vortex.  From  the  observed  trends,  the  asymmetric  fence 
may  be  more  useful  for  roll  control  at  higher  angles  of  attack. 

The  directional  and  lateral  stability  characteristics  with  a  pair  of 
gothic  fences  deployed  symmetrically  are  presented  in  fig.  32.  Note  that  the 
basic  delta  wing  becomes  unstable  at  angles  of  attack  above  25  degrees  with 
fences  off.  Both  lateral  and  directional  stability  are  improved  with  the 
fences  deployed.  The  data  shown  was  derived  from  sideslip  angles  of  +  3 

deg.;  the  fence  effect  on  lateral/directional  characteristics  at  high  sideslip 
angles  needs  investigation. 


Cavity  Flaps 

Flow  Visualization:  Oil  flow  studies  were  conducted  on  the  force 

model  with  some  of  the  cavity  flap  configurations.  The  main  purpose  was  to 
confirm  the  presence  of  a  steady  vortex  flow  inside  the  f lap/wing  cavity. 
Selected  oil-flow  photographs  highlighting  the  patterns  on  the  upper  surface 
of  the  cavity  flap  mounted  under  the  left  wing  panel  are  presented  in  fig.  33. 
The  two  photos  at  the  top  are  for  a  cavity  flap  hinged  along  the  root  chord, 
at  angles  of  attack  9.5  deg.  and  20  deg.  Jn  both  cases  a  vortex  can  be 


inferred  to  exist  in  the  cavity,  as  indicated  by  the  outfiow  of  oil  streaks 
untii  they  merge  into  a  common  ray  representing  secondary  separation.  The  oii 
patterns  indicate  that  the  cavity  vortex  is  enlarged  and  strengthened  with 
increasing  angle  of  attack.  The  bottom  photo  is  for  the  case  of  cavity  flap 
hinge  line  swept  at  70  deg.  at  a  *  20  deg.,  which  also  Indicates  a 
weli-deflned  vortex  flow  pattern  on  the  flap  upper  surface. 

Wing  Surface  Pressures:  The  effect  of  a  cavity  flap  can  be  observed  in  the 

wing  upper  and  lower  surface  pressures  at  the  first  two  stations,  i.e.,  A  and 

B,  presented  in  fig.  J4  (the  aft  stations  C  and  D  showed  little  change  from 

the  basic  wing  pressures  and  were  omitted  from  the  figure).  At  a  *  10  degrees 

the  spanwise  C  distributions  are  relatively  unchanged  across  the  hinge 

p ,  L 

line,  indicating  the  absence  of  a  cavity  vortex  (or  perhaps  a  very  small 

vortex  on  tne  flap  surface  whose  influence  does  not  extend  across  the  cavity 

to  the  wing  surface).  The  corresponding  upper-sur tace  pressures  on  the  wing 

also  are  essentially  unaltered.  At  a  ■=  i  !>  degrees,  however,  the  spanwise 

C  jumps  dlscontinuously  across  the  hinge  line  to  negative  values 

p ,  L. 

indicating  the  presence  of  a  substantial  cavity  vortex  (fig.  J5).  in  this 
case,  the  wing  upper  surface  suction  at  station  A  is  significantly  reduced  in 
the  leading  edge  region,  indicating  a  diminished  apex  vortex. 

Moment :  ihe  primary  interest  in  applying  the  cavity  flap 

the  present  study  was  to  generate  yaw  and  roil  control  at  high 
attack  when  the  conventional  rudder  and  aileron  surfaces  begin  to 
effectiveness.  thus,  the  yawing  and  roiling  moment  capability  oi 
cavity  flaps  would  be  the  main  focus  of  ttiis  discussion.  however, 


force  and 
concept  in 
angles  of 
lose  their 
asymmet r ic 


one  case  of  symmetrically-deflected  cavity  flaps  is  considered,  in  view  of  the 
foregoing  pressure  measurements.  The  lift  and  pitching  moment  characteristics 
presented  in  fig.  36  show  that  while  the  effect  on  lift  is  negligible,  a 
significant  nose-down  increment  in  the  pitching  moment  appears  starting 
at  a  *  15  deg.  This  effect  is  consistent  with  the  reduced  suction  observed 

over  the  wing  apex  region  when  a  vortex  is  captured  in  the  flap  cavity.  These 
results  are  indicative  of  the  cavity  flap  potential  in  controlling  the  vortex 
characteristics  of  a  delta  wing.  This  nose  down  increment  is  maintained 
to  a  =  4U  cleg,  where  the  cavity  flap  begins  to  produce  a  nose  up  increment 
(tig.  j<4).  This  is  believed  to  be  the  effect  of  flap  vortex  spilling  from  the 
cavity  on  to  the  wing  upper  surface. 

The  high-alpha  rolling  moment  and  yawing  moment  characteristics  with  an 
asymmetric  cavity  flap  (i.e.  deployed  on  the  left  side  only),  at  two  alternate 
positions,  i.e.  hinged  at  root-chord  and  along  a  7U  deg.  swept  ray,  at  a 
constant  deflection  of  60  degrees,  are  compared  with  the  basic  wing  in  tig. 
Jd .  doth  the  cavity  flaps  show  a  substantial  left-wing-down  rolling  moment, 
which  is  consistent  with  a  reduced  vortex  lift  over  the  left  wing  panel,  i.e., 
the  side  on  wnlch  tne  cavity  flap  is  deployed.  The  rolling  moment  is  also 
accompanied  with  an  adverse  yawing  moment  over  a  part  of  the  alpha  range, 
between  the  two  flap  positions  considered,  the  /U  deg.  swept  hinge  line 
generates  considerably  higher  roll  power  as  well  as  a  minimum  of  adverse  yaw. 

A  set  of  results  at  varying  flap  deflection  angle  from  aO  aeg.  to  73  deg. 
is  presented  in  fig.  3!).  The  flap  angle  is  found  to  have  relatively  little 
effect  on  the  rolling  and  yawing  moment  characteristics;  therefore,  this  type 
of  cavity  flap  appears  unsuitable  as  a  proportional  control  surface. 

A  third  flap  position  representing  the  other  extreme,  i.e.,  hinged  along 


the  leading  edge,  was  also  investigated.  in  this  case,  the  deployed  flap 
would  rotate  outwards  forming  a  reversed  cavity.  The  results  in  fig.  40  show 
that  this  type  of  flap  produces  high-alpha  roiling  and  yawing  moment 
characteristics  quite  similar  to  the  flaps  previously  discussed;  however  the 
roll  power  appears  somewhat  more  responsive  to  flap  angle. 

in  the  results  pertaining  to  cavity  flap  effects  at  high  angles  of 
attack,  it  is  observed  that  the  flap-on  rolling  and  yawing  moment 
characteristics  appear  remarkably  as  mirror  images  of  the  basic  model  (flap 
off)  characteristics.  The  basic  model  develops  lateral/directional  moments 
following  the  onset  of  asymmetry  in  the  forebody  vortex  shedding,  which  in  the 
present  case  occurs  at  a  TO  degrees.  Thus,  it  is  possibie  that  the  cavity 
flap  essentially  fixes  the  orientation  of  baseline  asymmetry,  rather  than 
generating  a  distinctive  flow  field  of  its  own.  The  relatively  weak  effect  of 
flap  angle  variation  tends  to  support  this  possibility.  In  order  to  obtain 
definitive  results  characterizing  the  cavity  flap  concept,  therefore,  a 
baseline  configuration  having  relatively  innocuous  high-alpha  asymmetry 
characteristics  may  have  to  be  employed. 

CONCLUDING  REMARKS 

Apex  Fences 

Flow  visualization  and  upper-surface  pressure  surveys  on  the  delta  wing 
have  verified  the  basic  premise  of  this  concept,  viz.,  of  forcing  a  powerful, 
stable  vortex  pair  at  low  to  moderate  angles  of  attack  which  considerably 
enhances  the  suction  level  over  the  wing  apex  region.  Force  and  moment 
measurements  show  that  this  results  In  a  nose-up  moment  which,  when  trimmed 


with  trailing  edge  flaps,  yields  a  considerable  increase  in  the  usable  lift 


coefficient  plus  a  drag  increase,  both  of  which  can  be  utilized  to  improve  the 
short-field  landing  capability  of  tailless  delta  configurations.  At  high 
angies  of  attack,  fence  deployment  permits  partial  unloading  of  the  wing  apex 
region,  thus  generating  a  nose-down  moment  useful  for  acclerated  recovery  from 
a  high-alpha  maneuver  while  fence  angle  variation  provides  a  smooth  pitch 
control.  Asymmetric  (i.e.  one  sided)  fence  deployment  generates  a  yawing 
moment  with  adverse  induced  roll.  Symmetrically  deployed  fences  improve  the 
d i rectional/ lateral  stability  at  small  sideslip  angles. 


Cavity  Flap 

The  objective  here  was  to  explore  the  lateral/directional  control 
potential  at  high  angies  of  attack.  Although  substantial  rolling  moments  were 
generated  by  deploying  asymmetric  cavity  flaps,  these  occurred  in  the  alpha 
range  where  the  baseline  configuration  itself  was  dominated  by  asymmetries 
induced  by  forebody  vortex  shedding.  The  present  results  suggest  the 
possibility  that  one-sided  flap  deployment  altered  the  tlou  on  that  wing  panel 
just  enough  to  switch  the  orientation  of  the  baseline  asymmetry.  From  this 
highly  interactive  flow.  It  Is  not  feasible  to  extract  the  cavity  flap 
characteristics  per  se.  Accordingly,  any  further  investigation  of  the  cavity 
flap  concept,  and  any  high-alpha  laterai/directional  aerodynamic  control 


concept,  should  be  performed  on  a  baseline  configuration  which  has  relatively 


Innocuous  nigh-alpha  asymmetry  characteristics. 
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PRESSURE  TEST  SUMMARY 

CONFIGURATION 

PLANAR  WING 
BASELINE  FENCE 
CROPPED  1 

CROPPED  1  -  PARALLEL  TO  LEADING  EDGE 

CROPPED  2 

GOTHIC 

CROPPED  2  -  SWEPT  70° 

GOTHIC  -gF  =  75° 

DELTA 

GOTHIC  -SF  *  58° 

DOUBLE  GOTHIC 

GOTHIC  -  SWEPT  70° , SF  =  75° 

GOTHIC  -  SWEPT  70° 

CROPPED  2  -  PARALLEL  TO  LEADING  EDGE 
CAVITY  FLAP  (LOWER  SURFACE  MEASUREMENTS) 
CAVITY  FLAP  (UPPER  SURFACE  MEASUREMENTS) 


(UNLESS  OTHERWISE  NOTED,  FENCES  ARE  MOUNTED  ALONG  LEADING  EDGE  AND SF  =  90°) 
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Fig.  1. 
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Geometry  of  fences  tested 


on  pressure  model.  Dimensions  in  inches 


Fig.  5. 


Fence  locations  on  the  pressure  wing. 
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Fig.  11.  Cavity  flap  positions  on  force  model.  (Continued). 
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ia  13  Helium  bubble  visualization  on  pressure  model,  showing 
9'  angle-of-attack  effect  on  fence  vortex  characteristics 
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Fig.  14.  Oil  flow  visualization  on  force  model  with  and  without  fences. 


Fig.  15.  Spanwise  distributions  of  upper-surface  pressure  coefficient 
with  and  without  gothic  fences  at  5  deg.  angle  of  attack. 


Fig.  16.  Spanwise  distributions  of  upper-surface  pressure  coefficient 
with  and  without  delta  fences  at  5  deg.  angle  of  attack. 
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Fig.  18.  Local  normal  force  coefficient  from  upper -surface  pressure 
integration  with  and  without  fences. 
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Fig.  22.  Pitching  moment  and  lift  characteristics  of  cropped  delta  fences 
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rimmed  lift  coefficient  at  12  degrees  angle  of 
fferent  apex  fences. 


Fig.  29.  Lift/drag  ratio  and  trimmed  lift  characteristics  with  and 
without  apex  fences. 
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Fig.  30.  High-angle-of-attack  pitching  moment  and  lift  character istics 
with  various  gothic  fences. 
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Fig.  31.  Asymmetric  fence  effects  on  rolling  and  yawing  moment 
characteristics  at  zero  sideslip. 
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